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During the 1980's, the term "acid rain" began appearing 
in scientific journals and in the public media. Composed of 
anthropogenically derived sulfur and N, acid rain was 
thought to be linked with much of the forest decline which 
was occurring in Europe and in New England. Speculation as 
to the actual mechanism for decline included Al toxicity, 
lack of frost hardiness and nutrient imbalances, among 
others.
This work examines the role of N as one component of 
acid rain. By understanding how the cycling of N changes 
with increasing N deposition, it may be possible to evaluate 
if, and by what mechanism, excessive N is adversely 
affecting forest growth. A literature review of the 
potential interactions involved in nutrient cycling under a 
system of increased N and S deposition and the need for 
reasearch on this topic are outlined in an introduction to 
the research which was conducted (chapter I).
The research has been divided into two sections. The 
first half of the research involved the regional sampling of 
spruce-fir stands across an N deposition gradient. 
Correlations between N deposition and foliar and/or forest 
floor chemistry were studied. A paper summarizing this work 
appeared in Ambio 19:38-40 (1990) and a second is in press 
in the journal Biogeochemistry. These results are
vii
summarized in chapters II and III.
The correlations found in the regional sampling formed 
the basis of hypotheses which were then tested using N 
fertilization treatments on spruce-fir plots, established 
on Mt. Ascutney, Vermont. From 1988-1991, extensive site 
measurements were recorded on the 10 Mt. Ascutney 
fertilization plots, to monitor changes in N cycling between 
the forest floor and vegetation. Annual mineralization, 
nitrification, bulk deposition, litter fall mass and 
chemistry were measured. Foliage from tagged spruce trees 
was collected in June, July and August of each year (1988- 
1990). Ion exchange resin bags were installed as long term 
measures of available NOj-N and NH4-N. The first results 
from this study are discussed in Chapter IV.
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ABSTRACT
NUTRIENT CYCLING IN NEW 
ENGLAND SPRUCE-FIR FORESTS
by
Steven George McNulty 
University of New Hampshire, May, 1991
From July to August of 1987 and 1988, a regional 
sampling of spruce-fir forests across New England was 
conducted. Forest floors and foliage were sampled from 161 
sites, in 11 areas from Maine to New York. Potential net N 
mineralization, nitrification, pH and analysis of total 
concentration for selected elements were measured on forest 
floor samples. Foliar lignin, N, cellulose and elemental 
concentration were determined for red spruce and balsam fir. 
Using National Atmospheric Deposition Program N deposition 
data, a isopleth map of New England wet only N deposition 
was produced. Estimated N deposition was correlated with 
longitude (R=0.87, P < 0.001), forest floor nitrification 
(R=0.89, P < 0.0001), the fraction of forest floor net N 
mineralization which nitrified (R=0.82, P < 0.001), forest 
floor net potential N mineralization (R=0.66, P < 0.5), 
forest floor C:N (R=-0.81, P < 0.001), forest floor Mg 
concentration (R=-0.64, P < 0.05), red spruce foliar lignin 
Concentration (R=-0.61, P < 0.05), lignin:N (R=-0.79, P < 
0.01), and red spruce foliar Mg:N (R=-0.57, P < 0.05).
xi
The research supported the theory of a nutrient 
imbalance between foliar N and Mg as a possible cause for 
forest decline.
The second half of the research established a series of 
fertilization additions to spruce-fir plots on Mt. Ascutney 
Vermont. Four paired plots were amended with NH4-N and/or 
NOj-N, over the course of three growing seasons. Combined 
age class red spruce foliar N, lignin, and cellulose 
chemistry were measured in June, July and August of each 
year. Litter mass and chemistry were monitored for two 
years. Forest floor mass, net N mineralization, 
nitrification, pH, and elemental concentration were 
measured. Additions of N fertilizer were correlated with 
increased foliar %N (R2=0.78, P = 0.0003) and litter %N 
(R2=0.73, P = 0.0006), increased net N mineralization 
(R2=0.59, P = 0.005), and decreased red spruce foliar 
lignin:N ratio (R2=0.49, P = 0.01). Ho correlations were 
found between type of fertilizer applied and measured 
variables. Increases in net N mineralization stabilized or 
decreased during the second year of N applications, 
suggesting a limitation of available C.
CHAPTER I
THE UNIFYING THEORY 
OF FOREST DECLINE
2INTRODUCTION
It is difficult to discuss nutrient cycling in New 
England spruce-fir forests, without mentioning "acid rain" 
and forest decline. During the 1980's, the term "acid rain" 
began appearing in scientific journals and in the public 
media, even though the term may have first been introduced 
in the 1950's (Klein et al., 1988).
Currently, New England and Europe are the primary 
regions affected by acidic deposition (Haughs and Wright, 
1986; Schwartz, 1989). In New England, the period of 
greatest deposition may be passed as inputs of S02 and N0x 
have decreased by approximately 18% between 1975-1987 
(Butler and Likens, 1990). However, in other areas of the 
world, future industrial development by third world nations 
could greatly expand the number of regions affected by 
industrial pollutants (Gorham, 1989; Rodhe, 1989).
If acidic deposition is a significant cause of forest 
decline, long term ecosystem level research is needed to 
understand what affect N and S have on ecoystem function.
In understanding how much deposition an ecosystem can absorb 




Most of the early work describing acid precipitation 
focused on the sulfur component of acid rain as the cause of 
forest decline (Husar and Husar, 1978, Cowling, 1982). As 
research progressed, three theories arose as to the 
mechanisms for forest decline, related to low pH deposition. 
These hypotheses are seperated into three types, decrease 
in root growth and function, release of toxic aluminum, and 
loss of essential nutrients (Ca and Mg) through mobilization 
and leaching.
Vegetation damage due to high H+ ion concentrations in 
soil solution is one theory of forest damage. Using a 
combination of ozone and acidic mist, Blaschke and Weiss 
(1990) found no consistant change in root growth. Meier et 
al., (1989); Blaschke, (1990); and Deans et al., (1990) all 
found increased numbers of root tips with decreased pH 
precipitation. These findings suggest that low pH is not by 
itself detremental to root growth.
Another theory examines the potential for toxic levels 
of aluminum to accumulate in soil solution. Increasing Al 
mobility has long been known to be correlated with 
decreasing soil pH (Nilsson et al., 1988; Cronan and 
Schofield, 1990; Hedin et al., 1990), which can sometimes 
lead to root damage (Schier, 1984; Schulze, 1989; McQuattie 
and Schier, 1990) and/or reduced nutrient uptake (Shortle
Iand Smith, 1988; Raynal et al., 1990).
The final theory of forest decline is related to low pH 
precipitation and suggests that instead of adverse direct 
affects caused by solubilized Al, low pH precipitation may 
affect nutrient availability as increased H concentrations 
from acidic precipitation displace Ca and Mg on exchange 
sites, causing an initial increase of these nutrients in 
soil solution (Berg, 1986, David et al., 1990). However, if 
these nutrients are not taken up by roots, they are subject 
to leaching, causing a loss of available Ca and Mg and 
potential nutrient deficiences (James and Riha, 1986; 
Falkengren-Grerup, 1989). Additional nutrient deficiencies 
could also occur through foliar leaching, as acidic 
deposition impacts leaf surfaces (Lovett et al., 1985).
Nitrogen
Nitrogen is another component of acidic deposition and 
in normally has low availibility in spruce-fir forests. 
However, in New England anthropogenic sources of N can 
exceed 20 N kg ha'1yr'1 (Lovett and Kinsman, 1990) . 
Additionally, decreasing soil pH has been shown to have 
either no affect (Stroo and Alexander, 1986) or to increase 
net N mineralization (Like and Klein, 1985). Thus in areas 
of acidic deposition have both increased N availibility and 
increased H+ inputs. High inputs of inorganic N are likey 
to be taken up by tree roots, causing increases in foliar N
5concentration (Czapowskyj et al., 1980; Weetman and 
Fournier, 1984). Excessive uptake of N by trees could lead 
to a condition of "over-saturation" (Nihlgard, 1985). 
Nihlgard postulated an "ammonium hypothesis" in which trees 
could become "over-saturated" with N leading to decreased 
photosynthesis and frost hardiness, and relative shortages 
of other nutrients.
Nutrient Imbalances
The idea of a relative nutrient imbalance in foliage is 
an expansion on the theory of nutrient limitations as a 
cause forest decline. The combination of increased 
availability of N and decreases in other nutrients creates a 
disharmony (Oren et al., 1988) or imbalance (Schulze et al.,
1989). Nutrient imbalance, as oposed to nutrient 
deficiency, is an important distinction. Nutrient deficiency 
is a condition which limits plant growth. Nutrient 
imbalance (disharmony) allows plant growth despite the lack 
of one or more critical nutrients, due to the excessive 
availibility of another. Severe nutrient imbalances could 
cause vegetative stress, and tree death. In spruce-fir 
forests, foliar N:Mg or N:Ca have been correlated with 
forest decline in both the United States and Europe (Oren et 
al., 1983; Schulze et al., 1989, Cape et al., 1990; De 
Visser and Van Breemen, 1990; Zottl, 1990; McNulty et al., 
in press).
6Other stresses
Other than those pollutants already mentioned, natural 
stress from insects (Warrington and Whittaker, 1990), 
drought (Johnson and Siccama, 1983; Haughs and Wright, 1986; 
Warrington and Whittaker, 1990) and frost (Haughs and 
Wright, 1986) have also be associated with forest decline.
Tree death has also been attributed to high 
concentrations of 03 due to anthropogenically produced 
pollutants. Direct 03 effects on foliage has been 
proposed as the mechanism causing vegetative stress 
resulting in forest decline, but the evidence is not 
conclusive. Reserchers have found that ambient air 
pollutants can cause a deterioration of stomatal waxes 
(Swiecke et al., 1982; Karhu and Huttunen, 1986; Grill et 
al., 1987; Kim and Lee, 1990), but what affect (if any) this 
has on foliar function is not clear. Some research 
indicated that increased 03 levels decrease photosynthetic 
capacity (Hopker et al., 1989) while other researh has found 
no correlation (Kohut et al., 1990). Similiarly, 03 may 
(Zoettl and Huettl, 1986) or may not (Pfirrmann et al.,
1990) cause leaching losses through, foliage and 03 may 




In evaluating the cause(s) of forest decline, it seems 
likely that no single stress is responsible. Initially, 
many decline theories seem unrelated, but further 
examination reveals a pattern of ecosystem degredation 
followed by additional stresses such as insect outbreak, 
disease, drought, winter dessication or ozone damage.
Chronic forest stress (decreased root function or nutrient 
imbalance), predisposes the stand to decline during periods 
of additional stress (Schulze, 1989; Warrington and 
Whittaker, 1990). Figure 1.1 outlines a series of ecosystem 
stresses which lead to forest decline.
If the dynamics expressed in figure 1.1 are correct, 
then there are certain key variables that should allow for 
the detection of signals of forest decline. These variables 
could include decreased foliar concentrations of Mg or Ca 
and increased foliar N concentrations, increased forest 
floor N concentrations or increased nitrification.
Additionally, if nutrient imbalance is ultimately the 
cause of death, then the restoration of balanced nutrient 
concentrations should reduce (at least temporarily) forest 
decline.
Two factors dictate vegetative chemistry, the root 
function (and to a lesser extent leaf) and the availibility 
of nutrients in soil solution. In Europe, forest liming
8with MgS04 (400-600 kg ha'1) and dolomite (20-30 t ha'1) 
increased foliar Mg concentration and decreased forest 
decline (Schulze, 1989; Glatzel, 1990). The fertilizer 
increased Mg availibility and raised soil pH and, although 
not measured, soil Al concentrations may have decreased, 
allowing for inproved root growth and function.
If nutrient imbalances are creating stress in spruce- 
fir forests, then restoration nutrient balance could reduce 
stress and allow the forests better survive additional non­
related stress (drought, insect, etc...). In the United 
States, large land areas and high cost of fertilization per 
hectare prohibit fertilization at levels that appear to 
reduce forest decline in Europe. Reduced anthropogenic 
emissions of N and S are alternative long term solutions to 
adverse ecosystem affects. However, the level of reduction 
needed to reverse ecosystem imbalances, and the length of 
time required to allow for ecosytem recovery are not known. 
Spodosols have shown high variability in response to acidic 
inputs (David et al., 1990). Butler and Likens (1990) 
reported that N and S deposition must be reduced by more 
than 50% to protect "sensitive areas".
Role of research
Further reductions in the amount of atmospheric 
pollutants produced annually will be expensive. Before 
legislators are willing to pass additional laws requiring 
reduced limits of depostion by the public and private
sectors, substancial data must be available correlating 
acidic precipitation and forest decline. In order to 
provide this data, I have conducted two forms of research.
Regional analysis of spruce-fir forest floor and 
foliage is correlated with changes in N deposition. The 
survey has the advantage of years of constant N addition 
under ambient conditions. Chapters II and III outline a 
sampling design in which 161 spruce-fir sites were sampled 
across New England. A problem with regional sampling is 
that aside from variation in N deposition, other variables 
could also vary across the region.
To avoid intersite variability, a series of 
fertilization trials were established on Mt. Ascutney, 
Vermont (Chapter IV). The disadvantage with controlled 
ammendment studies is that large doses of N over short 
periods are neccessary to increase the chance of seeing a 
dose response. However, ecosystem response to large 
fertilizer applications may be different than to constant 
low concentration N inputs.
Both the regional gradient sampling and forest 
fertilization experiments will be correlated with the 




Spruce-fir decline is probably an ecosystem response to 
multiple chronic stresses from anthropgenic deposition of S 
and N. Root disfunction and growth may be caused by 
increased soluble A1 concentrations. Reductions in root 
performance and increased losses of Ca and Mg in soil reduce 
uptake of these nutrients in spruce-fir forests. Increases 
in N availibility could lead to foliar imbalance and tree 
stress. Additional random stresses such as insect, drought 
or ozone damage would then move forest stands from a state 
of stress to one of decline.
To test this hypothesis, two seperate experiments have 
been conducted. A regional sampling across a N deposition 
gradient in New England was surveyed to examine current 
forest floor and foliar characteristics related to acidic 
deposition. Attempts to induce the stages of forest decline 
throught a series of N fertilization plots on Mt. Ascutney 
Vermont were done to reproduce decline symptoms observed 
across an incresing N deposition gradient (increased 
nitrification, increased foliar N concentration, decreased 
foliar lignin:N, decreased foliar Mg:N).
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forests.
CHAPTER II
NITROGEN CYCLING IN HIGH ELEVATION FORESTS OF THE 
NORTHEASTERN U.S. IN RELATION TO NITROGEN DEPOSITION
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INTRODUCTION 
Nitrogen saturation of forest ecosystems (the 
availability of ammonium and nitrate in excess of biological 
demand) (Skeffington and Wilson, 1988; Aber et al., 1989) is 
increasingly seen as a threat to the forest and freshwater 
resources of highly industrialized northern temperate 
regions. Excess N availability can be viewed as a unique 
stress on plants; one to which they are not pre-adapted, and 
one which can lead to direct toxic effects, critical 
nutrient imbalances, and under extreme conditions, to forest 
decline (Nihlgard, 1985; Hornbeck and Smith, 1985; Hauhs and 
Wright, 1986; Waring, 1987; Breeman, 1988; Agren and 
Bosatta, 1988; Van Dijk and Roelofs, 1988; Aber et al., 
1989; Schulze, 1989). Through the induction of 
nitrification and nitrate leaching, N saturation has been 
linked to acidification of soils and streams (Likens et al., 
1970; Like and Klein, 1985; Vitousek and Matson, 1985; 
Murakami et al., 1987; Brown, 1988; Miller, 1988; Tamm,
1989) and to increased aluminum mobility (Vitousek and 
Matson, 1985; Gunderson and Rasmussen, 1988). Increased 
rates of N cycling and nitrification may also lead to 
decreased methane consumption by soil microbes (Steudler et 
al., 1989) and increased emissions of NzO (Vitousek and 
Matson, 1985; Murakami et al., 1987; Aber et al., 1989), 
contributing to increases in atmospheric pools of these
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greenhouse gases, and to global wanning. U.S. regulatory 
agencies have shown less concern over N saturation effects 
than their European counterparts. However, N deposition has 
been shown to be very high in certain regions of the U.S.,
especially at high elevations where slow-growing spruce-fir
forests create low biotic demands for N (Lovett et al.,
1982; Gosz et al., 1972). This paper represents the results
of a regional survey of net N mineralization and
nitrification potentials for spruce-fir forests of the 
northeastern U.S., and their relationship with regional 
trends in N deposition.
In most forest soils, low pH (or base saturation) and 
high N demand for ammonium by microbes and mycorrhizal 
plants normally inhibit the nitrification process (Vitousek 
and Matson, 1985; Robertson, 1982). However, net 
nitrification may be induced even at low pH under conditions 
of increased N availability, decreased plant N demand, or 
both (Likens et al., 1970; Robertson, 1982; Vitousek et al., 
1982; Adams and Attiwill, 1984; Houdjik, 1988). Aber et al. 
(1989) hypothesized a series of changes in both vegetation 
and soil processes in response to chronically elevated N 
deposition. Increasing nitrification with increasing N 
deposition is one such change.
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METHODS
Between mid-June and mid-August in 1987 and 1988, 161, 
15 X 15 m spruce-fir sites were sampled from 11 areas within 
this region (Figure 2.1) in a randomized order. The majority 
(143) of the inland sites ranged in elevation from 844 to 
1259 m while three sites were located above the tree line, 
between 1440 and 1590 m. Additionally, 15 coastal Maine 
sites (average elevation range 20 to 100 m) were also 
sampled.
Soil pH, stand mortality and rates of potential net N 
mineralization and nitrification were determined on randomly 
selected sites within each area. Mortality was measured as 
dead standing trees/total number of trees, within the site.
For N mineralization and nitrification measurements, 20 
replicate 50 g samples of the 0a plus 0e horizons were taken 
from the forest floor at each site. After all twigs, roots, 
stones and mineral particles > 1 mm were removed by hand, 
the 20 samples were randomly grouped into 5 composites from 
each site. Composite field moist samples were incubated in 
the laboratory (22 C°, 28 days) . Net mineralization was 
calculated as ammonium-N plus nitrate-N in incubated samples 
minus initial values. Nitrification was calculated as 
incubated nitrate-N minus initial nitrate-N. Nitrate and 
ammonium concentrations were determined before and after 
incubation by extraction of subsamples in IN KC1 for 48
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hours. Initial soil pH was measured in a 1:2 
(weight:volume) soil to CaCl2 solution (0.01M).
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RESULTS AND DISCUSSION
Low elevation N deposition generally decreases west-to- 
east across the northeastern U.S. (Munger and Eisenreich, 
1982), ranging from 5.6 kg ha'1 in eastern New York to 2.9 
kg ha'1 in eastern Maine (Anon., 1988). Regional trends in 
N deposition were estimated from the mean annual wet 
deposition for 17 low elevation National Atmospheric 
Deposition Program (NADP) sites within the region (Anon., 
1988). Kriging techniques (Riley, 1989) were used to 
extrapolate these data to equivalent low-elevation 
deposition rates for our study areas (Figure 2.2). These 
were strongly correlated with longitude (adjusted Rz=0.66, 
P<0.001), and represent regional trends only. They do not 
account for orthographic effects of elevation or for dry 
deposition inputs.
Potential net N mineralization rates varied widely 
between areas. Howland, Maine had the lowest potential 
mineralization value (mean=51 mg N kg'1 soil, SE=9.5, n=5) 
and Mt. Mansfield, Vermont, had the highest value (mean=281 
mg N kg'1 soil, SE=54, n=4). Although there was an apparent 
trend towards higher potential mineralization with higher N 
deposition, no statistically significant relationships were 
found. There were also no correlations between 
mineralization rates and longitude, elevation, percent 
mortality, soil pH, or any linear combinations of these
variables. Potential nitrification rates ranged from 0 for 
all Maine sites, to 42 mg N03-N Kg'1 soil (SE=20, n=4) on Mt. 
Mansfield, Vermont. Nitrification potential was correlated 
with longitude (R2 = 0.49, P < 0.01, n=ll), and with 
approximated deposition (R2 = 0.77, P < 0.0001, n=ll).
An even clearer regional trend was evident for 
nitrification normalized for net mineralization, 
(nitrification divided by mineralization; Figure 2.3). The 
lowest fraction occurred in Maine (0%), the highest on 
Whiteface Mtn, New York (22%) and there was a significant 
relationship with both longitude (adjusted Rz=0.92, P < 
0.0001, n=ll), and estimated deposition (R2=0.68, P < 0.001, 
n=ll). Again, regressions against elevation, slope, soil pH 
and stand mortality were not significant.
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CONCLUSION
The general co-occurrence of high mineralization 
potential in the New York and Vermont sites, relative to 
study areas farther east, suggests that excess N 
availability (N saturation) is occurring as a function of 
induced anthropogenic sources of N. Experimental studies 
are currently underway to test specifically the potential 
for chronic N additions to induce nitrification and also to 
examine other consequences of excess N availability (Aber et 
al., 1989). These regional observations, along with other 
studies of increased nitrate mobility in US forests and 
streams (Driscoll et al., 1987; Johnson et al., 1988), 
should be sufficient to generate concern in the U.S. 
regulatory community over the potential consequences of N 
saturation and to support initiatives for further research 
and regulatory activity on this topic.
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Figure 2..1. Location oC the 11 study areas within the
northeastern United States used in this investigation.
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FigureZ.2. Total annual nitrogen deposition for the region 
under study, based on National Atmospheric Deposition Program 
data and Kriging interpolation.
Figure2.3. Regional trends in nitrification as a fraction 
of total N mineralization (laboratory 20 day forest floor 
incubations) for samples collected across the study area.
CHAPTER III
SPATIAL CHANGES IN FOREST FLOOR AND FOLIAR 
CHEMISTRY OF SPRUCE-FIR FORESTS ACROSS NEW ENGLAND
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INTRODUCTION
Across northern New England, N deposition increases 
from east to west (Munger and Eisenreich 1982), and with 
elevation. In the U.S., high elevation spruce-fir forests 
may receive over 20 kg N ha'Kyr'1 compared with 3-6 kg N ha' 
1 yr_1 at low elevations in the same area (Anonymous 1988, 
Lovett and Kinsman 1990). However, there is a limit to the 
amount of added N that can be accumulated and utilized in 
these ecosystems (Aber et al. 1989, Agren and Bosatta 1988). 
As N inputs increase, the cycling of N within the system 
should be altered. Effects of high rates of N deposition 
include increased foliar N concentrations and decreased 
foliar Mg and Ca concentrations (Friedland et al., 1988; 
Czapowskyj et al., 1980), possibly resulting in foliar 
imbalances (Friedland et al., 1984; Nihlgard, 1985; Schulze 
et al., 1989), loss of forest hardiness (Friedland et al., 
1984; Hadley et al. 1990). Foliar lignin concentrations may 
also decrease (Waring et al., 1986). Secondary effects of 
these alterations may include higher rates of litter 
decomposition (Meentemeyer, 1978; Melillo et al., 1982), 
lower forest floor C:N ratios, increasing rates of 
nitrification (McNulty et al. 1990), and nitrate leaching to 
streams.
The purpose of this paper is to present data on 
regional trends in N deposition, forest floor chemistry and
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foliar chemistry in spruce-fir forests across northern New 
England. Regional patterns in N deposition in spruce-fir 
forests provide a context in which to interpret the possible 
effects of regional differences in N dynamics.
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MATERIALS AND METHODS
Between mid-June and mid-August in 1987 and 1988, 161 
15 x 15 m spruce-fir sites were sampled from 11 areas within 
the northeastern United States (Figure 2.1). A variable 
number of sites were examined in each study area (Table 
3.1), depending on the size of the area and the occurence of 
spruce-fir forest.
The 11 areas are positioned along a regional N 
deposition gradient. Estimated low-elevation N deposition 
was determined for each area by a kriging technique applied 
to mean annual N deposition data reported by National 
Atmospheric Deposition Program (NADP) stations located in 
the northeastern region (McNulty et al., 1990).
Although the exact pattern of change in N deposition 
with slope, aspect and elevation has not been determined, it 
is known that high elevation sites receive several times the 
deposition compared to adjacent low elevation sites (Lovett 
and Kinsman, 1990). The eight western-most areas of this 
study were all at high elevation, with individual sites 
covering a broadly overlapping range of elevations. The 
three Maine areas were all at lower elevations where N 
deposition would not be increased by topographic effects. 
Less severe climatic conditions at the Maine areas should 
also lead to a more favorable C balance and a higher 
potential for N uptake and cycling. Thus we feel that the
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11 areas represent the maximum range in the relative
availibility of C and N to spruce within the forest type and
region.
Individual site selection within an area was not 
random, but was determined in part by the availability and 
accessibility of spruce-fir stands. The spruce-fir were 
often found in pockets, especially on the western half of 
the sampled gradient. Spruce comprised a minimum of 50% of 
each stand, and spruce-plus-fir comprised a minimum of 90% 
of each stands' basal area.
Collections of forest floor and foliar samples occurred 
simultaneously between mid-June and mid-August in each year 
areas choosen in a random order. Twenty replicate 50g 
samples of the 0e plus 08 horizons were taken from the 
forest floor at each site. Soils were kept in lmil thick 
polyethylene bags and placed on ice for transportation to 
the laboratory. After all twigs, roots and mineral 
particles >1 mm were removed, the 20 samples from each site 
were randomly grouped into five composites.
A pruning pole was used to collect foliar samples from 
random crown positions on each site at the same time as 
forest floor samples. Spruce needles from three trees 
judged to receive direct sunlight for at least 50% of the 
daylight hours were collected and composited into a single 
sample. All needle age classes were composited to measure 
overall foliar nutrient status and to provide an average 
value for correlations with future remote sensing
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measurements. Caution should be taken when comparing foliar 
concentrations from this study, and those where foliar 
concentrations were seperated by age class.
Potential net N mineralization, potential net 
nitrification was determined from each site, as described in 
McNulty et al., (1990). Total C and N concentrations for the 
organic horizons of all 161 sites were determined on a 
Perkin-Elmer model 240B CHN analyzer at the University of 
New Hampshire.
Composited forest floor samples from 102 of the 161 
sites from across the region yere selected for ash-free 
elemental analysis (Jones, 1988) using inductively Coupled 
Argon Plasma Emission Spectroscopy (Jarrell-Ash 965 
Atomcomp) at the University of Georgia's Institute of 
Ecology (See table 3 for list of elements included in 
analysis). For areas with 20 or fewer sites, all samples 
were individually analyzed; a subsample of approximately 50% 
of the sites was used for areas with 21 or more sites. 
Selected samples represented a proportional subsample of the 
range of potential nitrification rates for each area.
Foliage representing all needle age classes was placed 
in paper bags and oven dried at 70°C for 48 hours. Dried 
needles were sieved through a #18 mesh to remove detritus, 
ground through a #10 mesh Wiley Mill and stored in the dark 
in glass jars. Foliar concentrations of lignin, cellulose 
and N were measured using Pacific Scientific's model 6250 
near-infrared spectrophotometer (Wessman et al., 1988;
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McLellan et al., in press).
Overstory needles from 139 of the 161 sites across the 
gradient were selected for elemental analysis of macro/micro 
nutrients and heavy metals. Using the dry ash method 
(Jones, 1988), were measured on the same instrument decribed 
for forest floor elemental analysis.
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RESULTS
Foliar and forest floor values varied across New 
England (Tables 3.2 - 3.4) and show significant 
relationships with each other and to estimated low elevation 
N deposition (Tables 3.5 and 3.6). Longitude could be 
substituted with nearly equivalent results (Table 3.5). If 
accurate measures of N deposition were available for each 
site, we expect that annual N deposition would increase 
roughly seven-fold (Lovett and Kinsman, 1990). N deposition 
input to the three Maine areas would be further separated 
from the eight remaining high elevation areas because 
orographic affects. The major results presented here would 
not be altered.
Several of the relationships between N deposition and 
foliar and forest floor chemistry suggest positive feedbacks 
between N deposition and the guality of litter and forest 
floor material. For example, N deposition was negatively 
correlated with lignin:N ratio in spruce foliage, suggesting 
a shift in C:N availability within plants across the 
gradient (Figure 1.2). Both regional increases in N 
deposition and decreases in lignin:N ratios in foliage were 
correlated with higher forest floor N concentrations, and 
lower forest floor C:N ratios, (Figures 3.1 and 3.2). 
Finally, forest floor N concentrations were significantly 
correlated with nitrification potential (Table 3.5). The
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relationship between forest floor N concentration and 
potential nitrification (Figure 3.5) suggests a critical 
threshold (1.4% N) above which nitrification increases 
linearly.
Concentrations of Cu, Cd and Pb are similiar to those 
measured by Herrick and Friedland (1990) and Friedland et 
al. (1986). However, few correlations were found between 
Cu, Cd, Pb and other elements. An interaction between N 
deposition and forest floor Ca, Cu and Mg, and between 
forest floor and foliar concentrations of Ca and Mg are 
suggested (Table 3.6). Foliar concentrations of Pb, Ca and 
Mg were related to foliar lignin concentrations (Table 3.6).
Phosphorus was not correlated with any of the measured 
forest floor or foliage variables. No relationships between 




Few studies have examined forest floor or foliar 
chemistry across the range of northeast spruce-fir forests 
incomposed in this study. Though many researchers have 
examined foliage and/or forest floor chemistry from a single 
mountain within the northeastern region (Huntington et al. 
1990; Fernandez and Struchtemeyer 1984; Lang et al. 1981), 
or have focused on metal concentrations in the forest floor 
alone (Andresen et al., 1980; Friedland et al., 1984, 1986).
The large regional changes in N concentration of forest 
floor material reported here are relevant to the current 
discussion of critical N input/output balances and N 
saturation of forest ecosystems (Agren and Bosatta, 1988; 
Aber et al., 1989; Zottl, 1990). Available data (Figure 
3.6) suggest that as floor N concentrations increase, forest 
floor mass decreases. This may be due in part to increased 
litter quality (lower lignin, higher N content) resulting in 
faster and more complete decay at the high end of the N 
deposition gradient (Meentemeyer, 1978; Vitousek and 
Melillo, 1979; Aber and Melillo, 1982; Mladenoff, 1987). 
Decreased forest floor mass and increasing forest floor N 
concentration do not completely offset each other, so there 
is a net increase in total forest floor N (kg_1ha), with 
increasing N deposition. Maximum forest floor N storage was
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found at Mt. Moosilauke (2200 kg N ha'1) which also had the 
highest N mineralization, nitrification and lowest foliar 
lignin:N ratio of any examined area. All of these 
parameters suggest increased N cycling and storage with 
increased N deposition.
Both foliar and forest floor concentrations of heavy 
metals were examined across the gradient (Table 3.3), with 
few correlations (Table 3.6). The correlation between 
forest floor Pb and foliar lignin concentrations (Table 3.6) 
may be due to the decreased decomposition rate of foliage 
with high lignin concentrations, as decomposition resistant 
organic matter may be providing increased bonding sites for 
Pb in the forest floor. No spatial pattern in 
concentrations of Pb, Cu, Al or Cd (Table 3.2) were found 
across the gradient and no correlations were found with 
patterns of mineralization, nitrification or foliar 
concentrations of nutrients (Table 3.3). Literature citing 
increased forest floor heavy metal concentrations as a cause 
for decreased litter decomposition (Strojan, 1978), soil 
enzyme activity (Freedman and Hutchinson, 1980), or reduced 
plant growth (Whitby and Hutchinson, 1974), were all close 
to point sources. In lower concentrations, the affect of 
heavy metals on ecosystems is less conclusive. Shortle and 
Smith (1988) and Raynal et al. (1990) have suggested that 
decreased pH could elevate Al in forest floor solution which 
could impede red spruce root uptake of Mg and Ca. This 
study did not measure root nutrient uptake but no
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correlation was found between forest floor pH and foliar 
Mg, N or Ca concentrations (Table 3.4).
Foliar nutrient concentrations have been used as an 
indicator of nutrient deficiencies in plants. The time of 
year that foliage is collected can greatly affect nutrient 
concentrations. In red spruce, N, P and K concentrations 
are lowest in midsummer, early spring and in the fall, these 
periods correspond with the highest concentrations of Ca 
(MaClean and Robertson, 1981). We chose to examine foliar 
nutrient status during the mid-growing season (Mid-June to 
Mid-August), when nutrient imbalances would be the most 
critical to plant growth. Additionally, stand age (MaClean 
and Robertson, 1981), year to year variation (Friedland et 
al., 1988) and needle age (Cape et al., 1990) may also 
affect elemental foliar concentrations. It was not possible 
to sample all sites simultaneously. Although seasonal 
variability in foliar chemistry may have contributed to the 
variance in this analysis, it should not have added any 
significant bias, as all samples were collected in the same 
season.
Foliar N plus lignin was correlated with mineralization 
and nitrification (Table 3.5). Waring et al. (1986) has 
observed similiar relationships between changing ratios of 
C:N in other forest tree species. In this study a foliar 
lignin:N ratio of < 22:1 correlated with the onset of forest 
floor nitrification. As forest floor N concentration 
increases, the foliar lignin:N and forest floor C:N converge
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at approximately 18:1 (Figure 3.2). The convergence between 
foliar lignin:N and forest floor C:N ratio, suggests either 
a decrease in foliar N retranslocation before needle 
sensence, decreased foliar N leaching, or more complete 
forest floor decomposition, with increasing N deposition.
Although variable, both forest floor and foliar Mg 
concentrations decreased with increasing N concentration in 
the forest floor. Schulze et al. (1989) have suggested that 
foliar Mg deficiencies are contributing to forest decline in 
Europe. Swan (1971), cited moderate foliar Mg deficiency 
beginning at 0.04-0.06% Mg in pot cultured spruce seedlings. 
Foliar Mg concentrations in for all age class foliage in 
this study ranged from 0.06-0.12%. A better indicator of 
deficiency may be the ratio of elements. Below a molar ratio 
of 28 (umol Mg:N mmol) in Picea abies foliage, nutrient 
imbalance may occur (Schulze et al. 1989). The red spruce 
foliage of this study had molar ratios between 39-82. While 
the differences in species precludes direct correlations, 
there is a definite trend toward lower Mg:N ratios with 
increasing N deposition (Table 3.6).
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CONCLUSION
Changes in forest floor and foliar chemistry along an N 
deposition gradient in spruce-fir forests were examined on a 
number of significant relationships were found. First, 
there appears to be critical values for the onset of 
nitrification (Figure 3.4) at 1.4% N in the forest floor and 
a lignin:N ratio of < 22:1 in red spruce foliage. If the 
occurrence of nitrification is an indicator of N saturation 
(Aber et al., 1989), then these values may represent 
important thresholds beyond which significant changes in 
ecosystem function occur in spruce-fir forests.
Second, a relationship exists between N deposition and 
forest floor N concentration but we can not determine 
whether this is an eguilibrium condition.
Finally, a correlation was found between the ligninrN 
ratio of spruce foliage and the forest floor C:N ratio., 
which in turn can be used to predict other site processes 
such as N mineralization and nitrification. This suggests 
that the development of remote sensing systems designed to 
measure lignin and N concentrations of whole forest canopies 
(eg. Wessman et al., 1988; Goetz et al., 1985) would be 
useful in monitoring regional changes in N cycling and 
storage in spruce-fir forests.
Of the other elements, foliar and forest floor Mg 
negatively correlated with N storage in both the forest
45
floor and foliage. This suggests the possible development of 
foliar N:Mg imbalance in red spruce.
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Table 3.1. List of 
area
location
11 areas used in this study.
N. dep.





Howland ME 1 68 40' 45 20' 2.9 80-100 5
Lead Mtn. ME 2 68°10' 44°50' 3.4 90-240 7
Acadia ME 3 68°22' 44°20' 3.9 10-60 8
Wildcat Mtn. NH A 71°13' 44°16‘ 4.0 930-1210 20
Mt. Washington NH 5 71°16' 44°17' 4.1 630-1460 40
Loon Mtn. NH 6 71°37' 44°021 4.5 690-910 20
Mt. Moosilauke VT 7 71°491 44°01• 5.1 810-1400 11
Mt. Mansfield VT 8 72°48' 44°311 5.7 900-1210 4
Camels Huip VT 9 72°53' 44°20' 5.6 590-1040 9
Whiteface Mtn. NY 10 73°54' 44°241 5.2 840-1190 20
Gore Mtn. NY 11 74°02' 43°41' 5.1 880-1010 17
1. Interpolated, low elevation NADP wet N deposition.
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Table 3.2. Forest floor and red spruce foliar C, N and lignin concentrations for 11 areas. 
Values are means (♦ SE).
FOREST FLOOR 
CONCENTRATION (X)
AREA n C N C N
1 5 51.9 (0.4) 1.21 (0.0) 43.1 (1.3)
2 5 49.6 (1.4) 1.43 (0.1) 35.1 (1.8)
3 4 52.8 (1.7) 1.09 (0.1) 48.7 (1.5)
4 5 43.6 (6.5) 1.51 (0.2) 28.4 (2.8)
5 6 40.2 (4.6) 1.50 (0.1) 27.7 (4.1)
6 5 44.9 (1.2) 1.56 (0.2) 30.2 (3.5)
7 5 36.3 (2.7) 1.72 (0.1) 21.1 (0.4)
8 4 48.0 (0.3) 2.16 (0.1) 22.3 (1.0)
9 4 35.3 (4.0) 1.86 (0.2) 18.9 (0.6)
10 4 44.6 (7.0) 1.77 (0.3) 25.2 (2.0)
11 4 43.8 (4.9) 1.83 (0.1) 24.3 (3.3)
ave. 51 44.5 (1.3) 1.59 (0.1) 29.7 (1.4)
RED SPRUCE FOLIAGE 
CONCENTRATION (X)
n I ianin 11 I i<min:N
5 25.3 (0.3) 0.88 (0.02) 28.7 (0.4)
7 22.6 (0.7) 1.02 (0.02) 22.4 (1.2)
8 21.8 (0.6) 0.84 (0.02) 26.2 (0.9)
20 17.1 (0.2) 0.85 (0.02) 20.2 (0.5)
34 21.5 (0.2) 1.04 (0.01) 20.7 (0.4)
20 16.7 (0.2) 0.88 (0.02) 19.1 (0.5)
7 17.7 (0.7) 0.89 (0.06) 20.2 (0.9)
3 17.6 (0.6) 0.98 (0.07) 18.0 (1.1)
9 18.3 (0.6) 1.01 (0.04) 18.3 (0.8)
19 20.6 (0.5) 1.03 (0.03) 20.0 (0.6)
16 22.5 (0.3) 1.07 (0.02) 21.2 (0.6)
148 20.0 (0.2) 0.97 (0.01) 20.8 (0.3)
Table 3.3. Forest floor and foliar concentrations of Pb, Cu, Al and Cd, for the 11 areas in this study . 
Values are means (+ SE).
FOREST FLOOR RED SPRUCE FOLIAGE
_________CONCENTRATION (mqVq') CONCENTRATION (mqVq)
AREA n Pb Cu Al Cd n Pb Cu Al Cd
1 6 90 (12) 0.75 (0.7) 1310 (40) 0.26 (0.04) 8 0.24 (0.2) 1.99 (0.31) 48 (3) 0.12 (0.02)
2 7 154 (13) 4.52 (0.9) 1360 (70) 0.43 (0.06) 11 1.76 (0.6) 2.46 (0.26) 57 (7) 0.09 (0.02)
3 9 73 (3) 0.58 (0.6) 1100 (30) 0.35 (0.03) 13 0.54 (0.3) 1.45 (0.11) 51 (4) 0.09 (0.02)
4 11 134 (13) 6.19 (1.8) 1180 (80) 0 45 (0.05) 20 1.50 (0.3) 2.64 (0.45) 33 (2) 0.11 (0.02)
5 12 93 (12) 5.04 (3.0) 1140 (90) 0.33 (0.05) 17 3.84 (0.8) 2.22 (0.22) 36 (3) 0.09 (0.01)
6 10 149 (13) 1.18 (1.0) 1010 (60) 0.40 (0.05) 6 2.43 (0.9) 1.64 (0.09) 36 (2) 0.17 (0.03)
7 11 151 (20) 6.49 (1.5) 880 (110) 0.35 (0.07) 7 0.77 (0.2) 2.31 (0.30) 101 (21) 0.06 (0.03)
8 4 230 (18) 11.10 (1.6) 1120 (80) 0.66 (0.19) 4 2.30 (1.1) 2.58 (0.37) 107 (24) 0.06 (0.04)
9 9 207 (26) 8.10 (2.6) 1180 (90) 0.45 (0.09) 12 2.72 (0.5) 2.91 (0.36) 56 (7) 0.07 (0.03)
10 11 74 (14) 1.51 (0.8) 1490 (120) 0.36 (0.11) 22 1.14 (0.3) 2.74 (0.15) 121 (27) 0.02 (0.01)
11 12 105 (13) 1.10 (0.6) 1470 (120) 0.30 (0.06) 19 0.26 (0.1) 2.60 (0.20) 116 (31) 0.15 (0.03)
a ve. 102 127 (6) 3.92 (0.6) 1200 (100) 0.38 (0.02) 139 1.55 (0.2) 2.40 (0.10) 80 (22) 0.09 (0.01)
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Table 3.4. Forest floor and foliar concentrations of Mg, Ca, K and P for the 11 areas used in this study 
Values are means (♦ SE).
FOREST FLOOR 
TOTAL AMOUNTS (mg ka'S
AREA N Mg Ca K P
1 12 449 (55) 2060 (320) 535 (53) 538 (25)
2 6 458 (34) 2010 (250) 307 (31) 581 (33)
3 9 719 (32) 2160 (290) 530 (41) 508 (36)
4 7 370 (24) 2360 (280) 544 (63) 744 (39)
5 11 338 (51) 2210 (420) 434 (40) 642 (88)
6 4 205 (17) 1550 (664) 592 (30) 580 (28)
7 11 237 (24) 1300 (190) 424 (56) 673 (54)
8 10 272 (30) 1360 (280) 328 (35) 648 (58)
9 11 253 (35) 1930 (350) 520 (67) 675 (53)
10 9 182 (46) 1920 (480) 212 (17) 491 (44)
11 12 302 (47) 2300 (370) 353 (20) 647 (44)
ave. 102 328 (18) 1940 (100) 435 (17) 614 (17)
RED SPRUCE FOLIAGE 
TOTAL AMOUNTS (mg kg'\
N Mq Ca K P
19 1107 (160) 3750 (500) 4600 (260) 850 (29)
8 1122 (180) 3310 (950) 4570 (260) 760 (53)
13 1197 (130) 4020 (710) 4260 (210) 790 (59)
11 1057 (120) 3380 (560) 3270 (120) 850 (53)
22 1092 (140) 3590 (670) 4630 (150) 990 (53)
4 596 (110) 3070 (710) 4590 (230) 770 (56)
7 801 (190) 2690 (410) 3520 (150) 910 (38)
6 943 (170) 2490 (500) 3660 (620) 870 (67)
20 970 (180) 3250 (320) 3970 (210) 1010 (62)
12 1061 (250) 3730 (870) 4510 (220) 930 (57)
17 859 (150) 3070 (710) 4280 (200) 870 (46)




Table 3.5. Significant correlations between estimated low 
elevation N deposition, foliar and forest floor C and N 
contents, and rates of mineralization and nitrification. 
"Plus" means a multiple linear regression of the two 
variable, and f.f.= forest floor.
_R_
annual N deposition v. longitude 0.87 <0.001
deposition/foliage correlations
annual N deposition v. spruce foliar lignin:N -0.79 <0.01 
annual N deposition v. spruce foliar lignin -0.61 <0.05
foliage/forest floor state correlations
spruce foliar lignin:N v. forest floor C:N 0.88 0.000
spruce foliar lignin plus foliar %N v. f.f. C:N 0.90 <0.001
spruce foliar lignin plus foliar %N v. f.f. %N 0.86 <0.001
foliage/forest floor process correlation
spruce foliar ligninrN v.nitrification -0.61 <0.05
spruce foliar lignin:N v. mineralization -0.62 <0.05
forest floor condition/process correlations 
f.f. C:N v. nitrification:mineralization -0.67 <0.05
f.f. %N v. nitrificationrmineralization 0.77 <0.01
f.f. %N v. nitrification 0.92 0.000
deposition/forest floor correlations
annual N deposition v.forest floor C:N -0.81 <0.001
annual N deposition v. forest floor %N 0.88 0.000
annual N deposition v. mineralization 0.66 <0.05
annual N deposition v. nitrification 0.89 0.000
55
Table 3.6. Significant (0.05 C.I.) correlations between N 
deposition and forest floor, and foliar Mg, Ca and Al.
forest floor state correlations
forest floor %Mg v. annual N deposition -0.64 <0.05
f.f. umol Mg:mmol N v. N deposition -0.57 0.05
forest floor %Mg v. forest floor %N 0.87 <0.0005
forest floor %Mg v. forest floor C:N -0.77 <0.0005
f.f. %A1 v. mineralization potential -0.60 <0.05
foliage correlations_________________________
foliar umol Mg:mmol N v.annual N deposition -0. 59 <0. 05
foliar %Mg V. foliar %lignin 0.63 <0.05
foliar %Mg V. forest floor %Mg 0.67 <0.05
foliar %Ca V. annual N deposition -0.66 <0.05
foliar %Ca V. foliar %lignin 0.66 <0.05
foliar %Ca V. forest floor %Ca 0.73 0.005
foliar %Cu V. annual N deposition 0.62 <0.05
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CHAPTER IV
EFFECT OF NITROGEN FERTILIZER ON NITROGEN 
CYCLING IN A HIGH ELEVATION SPRUCE-FIR STAND
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INTRODUCTION
Organic matter decomposition is slow in forest floors 
which are cool (Powers, 1990; Nadelhoffer, 1991), acidic 
(Lodhi, 1982; Berg, 1986), and have low concentrations of N 
and high concentrations of lignin (Meentemeyer, 1978;
Melillo et al., 1982; Flanagan and Van Cleve, 1983). All of 
these factors characterize the high elevation spruce- fir 
forests in northern New England, which have developed under 
conditions of low nitrogen availability. In contrast, these 
areas can receive over 20 kg N ha yr'1 in anthropogenically 
derived atmospheric deposition (Lovett and Kingsman, 1990). 
When total availability from internal recycling mechanisms 
(mineralization) and external inputs (N deposition) begins 
to exceed both plant and microbial demand, the ecosystem 
becomes N saturated (Agren and Bosatta, 1988). Significant 
changes in plant physiology, and plant/soil nutrient 
input/output budgets may occur as the ecosystem becomes N 
saturated (Aber et al. 1989; Zottl, 1990).
N additions could cause an initial increase in foliar N 
concentrations (Turner, 1977; Weetman and Fournier, 1984), a 
decrease in foliar lignin concentrations (Aber et al., 1989; 
Waring et al., 1985; McNulty et al., in press), and an 
increase in net N mineralization rates (Adams and Attiwill, 
1983). Secondary affects could include a increase in foliar 
biomass (Turner, 1977; Binkley and Reid, 1984) and perhaps 
the initiation of nitrification (Aber et al., 1989).
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Tertiary effects could include imbalances in foliar nutrient 
concentrations and reduced net carbon gain (Zottl, 1986; Van 
Dijk and Roelofs, 1988; Schulze, 1989), leading to a 
decrease in foliar biomass (Aber et al., 1989), an increase 
in stand mortality (Aber et al., 1989; Zottl et al., 1986) 
and an increase in the fraction of N mineralization 
nitrified (McNulty et al., 1990).
A series of N fertilization plots were established in 
the spruce-fir zone of Mt. Ascutney, Vermont. These plots 
were designed to test want effect low level N additions will 
have on ecosystem nutrient dynamics (forest floor, foliar 
and litter quality and quantity). Net N mineralization, 
nitrification, N availibility, litter mass and elemental 
concentration, foliar elemental concentration and bulk N 




During June 1988, 10, 15 X 15 m research plots (Figure 
4.1) were established at an elevation of 825 m in the spruce 
(Picea rubens)/fir (Abies balsamea) zone of Mt. Ascutney 
Vermont (43° 26' N, 72° 27' W) . Four sets of paired plots, 
were amended with NH4Cl and/or NaN03, over the course of the 
three growing seasons (Table 4.1). The high N amendment (31 
N kg ha'1yr 1) is approximately 1.5 times the annual 
deposition reports by Lovett and Kinsman (1990) for the 
higest regional N deposition rates.
Plot Characteristics
Pretreatment mineralization potential was measured by 
collecting 20 forest floor samples from each plot in May,
1988. Measurement procedures for mineralization potential 
followed McNulty et al. (1990). Forest floor pH was 
measured on two samples from each plot, using 1:2 
(weight:volume) forest floor to CaCl2 solution (0.01 M) .
In June 1988, forest floor mass was measured by 
extracting nine 400 cm2 forest floor (0e, Oj, 0a) samples 
from each plot. Samples were randomly selected but only 
samples with a forest floor depth > 2 cm were collected.
The material was sieved through a #18 mesh, oven-dried at 
70°C for 48 hours, weighed and converted to maximum forest
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floor mass (kg ha'1) .
The percentage of exposed rock on each plot area was 
measured on each plot using 256 points on a 1 m grid. At 
each grid point, forest floor depth was recorded. All 
depths less than 2 cm were considered "rock". Maximum 
forest floor mass was multiplied by the non-rock fraction, 
to produce the "actual" forest floor mass (kg ha'1) .
From the nine forest floor samples collected at each 
plot, three samples were randomly chosen for determination 
of C and N content using a Perkin-Elmer model 240B CHN 
analyzer at the University of New Hampshire.
Fertilization
Treatments were divided randomly among plots. The 
total annual amount of fertilizer was divided into three 
egual amounts and applied in June, July and August. 
Fertilization took place for three years, 1988 - 1990. The 
fertilizer was dissolved into 15 1 of distilled HzO and 
applied with a backpack sprayer.
Canopy Chemistry
Three sunlit and three understory spruce trees where 
tagged on each plot, from which foliage samples were 
collected in June, July and August during 1988-1990, using a 
pruning pole. Sunlit or understory needles from each tagged 
tree composited into paper bags. Each sample was randomly 
collected from random aspect and all needle age classes were
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combined during 1988-1989. Foliar samples were also 
collected in December of 1990 and March of 1991 and 
seperated into 1, 2 and 3 year age classes. The clipped 
samples were dried for 48 hours at 70°C and ground through a 
#10 mesh. The samples were dried a second time for 24 hours 
at 70°C and stored in darkness at 22°C.
Percent foliar N and lignin were measured using Near 
Infrared Reflectance Spectroscopy (NIRS) (Wessman et al., 
1988). Recent applications of this technique have produced 
results with precision equal to, or better than, wet 
chemistry procedures for foliar analysis (Wessman et al., 
1988; McLellan et al., in press).
Litter collection
Ten litter baskets were placed on each plot on October 
28, 1988 (following autumn litterfall). The baskets 
remained on the plots for two years (until October 27,
1990) . Each 402 cm2 basket was 20 cm deep, lined with 50% 
cotton:50% polyester broad cloth which was emptied twice a 
month, except during snow periods. The litter was placed in 
bags and oven dried at 70°C for 48 hours, to prevent 
molding, before being sorted into coniferous and deciduous 
litter. The sorted material was again dried at 70°C for 24 
hours before weighing.
Litter N and lignin concentrations were measured using 
Near Infrared Spectroscopy (McLellan et al., in press).
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Forest Floor
In May, June, July, August, September and October, two 
sets of twenty forest floor cores were extracted from each 
plot and placed into 1 mil polyethylene bags. One set was 
returned to the laboratory, sieved, combined and extracted 
in 1 NKC1 after 48 hours. The second set of samples was 
replaced in the forest floor for 28 days (except for 
overwintering set). After 28 days the buried bags are 
removed, sieved, combined and extracted. Net mineralization 
was calculated as (NH^-N final + N03-N final) - (NH4-N 
initial + N03-N initial) . In June, July and August, cores 
were collected just before the fertilization for that month 
occurred. The October set was left in the field over winter 
and retreived in May of the following year.
68
RESULTS AND DISCUSSION 
Plot Characteristics
Previous studies suggest that high foliar or forest 
floor N concentrations and high
nitrificationrmineralization ratios, may indicate the 
beginning of a N saturated ecosystem (Aber et al. 1989). A 
foliar N concentration of 0.88% was measured during initial 
foliar collections (Table 4.2) which is within the range of 
other published values of 0.8 - 1.1 %N for red spruce 
foliage during the growing season (Czapowskyj et al., 1980; 
Friedland et al., 1988, Fernandez et al., 1990).
The initial forest floor N concentration averaged 1.35 
%N (Table 4.3). This value is on the lower end of 1.0 - 2.5 
forest floor %N reported by others (Lang et al., 1981; 
Federer, 1983; Olson and Reiners, 1983) but close to the 
threshold value of approximately 1.4% N, which may trigger 
the onset of nitrification in New England spruce-fir forests 
(McNulty et al., in press). No nitrate was found in either 
initial or laboratory incubated forest floor samples for May 
(Table 4.4).
Potential N mineralization and average forest floor 
mass varied considerably across the plots before treatments 
began, while foliar lignin and N concentrations, and forest 
floor C:N ratios were within a narrow range (Table 4.2 - 
4.5). Due to the variation in forest floor mass between
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plots, mineralization rates are expressed in both mg N kg'1 
forest floor and kg N ha'1.
Actual forest floor mass (kg ha'1) was significantly 
correlated with forest floor C:N (R=0.62, P<0.05). This 
trend has also been documented across New England where a 
greater range of forest floor C:N ratios exist (McNulty et. 
al., in press). Baath et al.(1978), Johnson and Edwards 
(1979), and Foster et al. (1980), found a correlation 
between forest floor C:N ratios to increased mineralization 
and N cycling.
On Mt. Ascutney, a higly significant correlation was 
found between forest floor C concentration and forest floor 
N concentration (R=0.97, P<0.0001). In undisturbed forests, 
an equilibrium develops between litter decomposition and 
available N (Adams and Attiwill, 1984). However, a 
significant relationship between forest floor %C and %N was 
not observed in spruce-fir forests receiving large inputs of 
anthropogenic N deposition (McNulty et al., in press). In 
areas where annual N inputs exceed biological demand, 
decomposers may no longer be limited by N. Instead 
decomposition may be limited by available C (Berg and Staaf, 
1981; Flanagan and Van Cleve, 1983; Harmer and Alexander, 
1986), so the relationship between decomposition and 
available N deteriorates.
At the beginning of the experiment, no significant 
correlation existed between the amount of N to be added and 
the forest floor concentration or absolute amounts (kg ha'1)
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of N or C. (Table 4.6).
Responses to N fertilization 
Canopy Chemistry
No significant differences were found in foliar 
chemistry between sunlit and understory spruce, so the six 
trees from each plot were not separated by canopy position 
during statistical analyses.
Red spruce has a needle retention time up to 10 years 
(Anon., 1965) and balsam fir 7-10 years (Anon. 1965). Thus, 
most of the foliage sampled in this experiment was already 
formed before the N additions began. Mobile nutrients such 
as N can be retranslocated from older foliage, while lignin 
concentrations do not change after full needle development. 
Therefore, changes involving foliar lignin concentrations 
would probably be best detected if only current year needles 
were sampled.
Over the three years of foliar sampling, three patterns 
of foliar chemistry were found. First, foliar lignin and N 
concentration continued to increase over the course of the 
growing season. Full needle structure was not accheived 
until the end summer due to cool temperatures and late 
initial bud break (Table 4.2 and 4.5). Secondly, yearly 
variation in canopy chemistry affected all plots. Maximum 
foliar N concentration occurred in 1989 on the control plots 
while foliar N concentrations increased each year in the N 
addition plots (Table 4.2 and 4.5). The correlation between
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N added and foliar N concentration increased each year 
(Table 4.6) even though yearly variations in foliar 
chemistry could be affected by herbivory (Coley et al.,
1985; Warrington and Whittaker, 1990), water availability 
(Warrington and Whittaker, 1990) or atmospheric ozone 
concentrations (Nihlgard, 1985; Hopker et al., 1988; Percy 
and Baker, 1990), none of which were measured.
Fertilizer application has been shown to increase 
foliar N concentration, leaf size and thickness (Mitchell 
and Chandler, 1939; Turner, 1977; Czapowskyj et al., 1980; 
Weetman and Fournier, 1984). As fertilization continues, 
foliar N concentrations, leaf size and thickness decrease 
(Weetman and Fournier, 1984) as canopy mass increases 
(Turner, 1977; Binkley and Reid, 1984; Brix, 1983). This 
change of foliar mass and chemistry should also be observed 
in litterfall changes.
On Mt. Ascutney, foliar lignin concentrations were the 
greatest during the second year (1989) on fertilized plots 
and have since begun to decrease. On control plots, foliar 
lignin levels increased each year (Table 4.5).
The literature suggests that leaf lignin content will 
vary inversely with leaf N content (Flanagan and Van Cleve, 
1983; Waring et al., 1985; McNulty et al., in press). 
Increased foliar N causes an increase in the fraction of 
available C transformed into leaf proteins, leaving less for 
construction of secondary compounds (Coley et al., 1985). 
During the third year, photosynthate use for amino acid
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production may have hindered the trees ability to also 
construct lignin, as foliar lignin concentration was 
inversely correlated with foliar N concentration (Table 
4.7) .
The foliar lignin:N ratios in the control stand 
increased each of the three years while the foliar lignin:N 
ratios of fertilized plots decreased (Table 4.8). On a 
seasonal basis, lignin:N ratios were highest in July.
Foliar lignin:N ratios were inversely correlated with both N 
added and mineralization (Tables 4.8 and 4.9). 
Mineralization, foliar lignin:N, foliar N concentration, 
litter lignin:N and litter N concentration are correlated 
with amount of N fertilizer.
Litter
Over the two years that litter was collected, no 
significant changes were measured in either deciduous or 
coniferous litter mass individually, but total litter mass 
increased with increasing N added (Table 4.8 and 4.6). The 
proportion of additional biomass contributed by either 
deciduous or coniferous species varied with site. Turner 
(1977) noted an initial increase in needle retention time in 
fertilized Douglas-fir stands. An increase in needle 
retention would negatively effect litterfall mass.
Changes in foliar N should be evident in changes in 
litter quality, albeit to a lesser extent due to needle 
retention time. Each plot contained deciduous trees (mainly
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Betula papvrifera. but also some Acer spicatum), which 
should show changes in litter fall mass and quality, with 
increased N fertilization more rapidly than the longer 
retained coniferous litter. The correlation between N 
concentration of deciduous litter and N added was positive 
and increased with each successive year, but no correlation 
was found with litter lignin concentrations.
The conifer litter lignin concentrations were largely 
influenced by the conditions when the needles were 
originally formed and no trend was apparent (Table 4.5). 
Therefore decreases in the lignin:N ratio of litter from the 
N added plots are the result of increased litter N 
concentration and not decrease litter lignin concentration 
(Table 4.9).
The litter and foliage data suggest that while 
increased root uptake of N may be occurring, little of the 
added N is being cycled back into the forest floor via 
litterfall.
Forest floor
Mineralization. Mineralization rates correlated with N 
added. Plots 5 and 9 each received 25.6 kg N ha'1yr'1 and 
had the highest average mineralization during the first year 
of measurements. Total mineralization nearly equalled 
control level mineralization plus the amount of N (Table 
4.4). During the second year, mineralization on plots 5 and 
9 decreased while the mineralization rates on the other N
addition plots continued to increase. Mineralization was 
stable during the two year measurement period for the 
control plots (Table 4.4). A lack of a labile C source 
could explain this mineralization pattern. Berg and Staaf 
(1981), found that litter N concentrations were linearly 
correlated with lignin bound N. Heterocyclic ring 
compounds, which are highly resistant to microbial 
decomposition, are formed as ammonium is fixed to litter 
lignin. Flanagan and Van Cleve (1983), have postulated that 
decomposition may be energy limited in taiga ecosystems.
Nitrification.
The only plots to nitrify consistently were also those 
which had the highest mineralization rates (plots 5 and 9). 
On average, these plots nitrified 2 kg N03-N ha_1yr 1 or 
about 5% of the total N mineralization. This nitrification 
fraction is consistent with other New England spruce-fir 
stands receiving comparable amounts of annual N deposition 
(McNulty, et al., 1990).
In forest soils, net nitrification is controlled mainly 
by forest floor pH and plant and microbial N demand relative 
to N availability (Robertson 1982; Robertson and Vitousek 
1981), and can be stimulated by treatments which increase N 
availability or decrease N uptake by plants. Concentrations 
of litter and foliar N from N fertilization plots were 
higher than on control plots (Table 4.2 and 4.8). Litter N 
conentrations were decreased only slightly from foliar N
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concentrations (Table 4.2, 4.8) on treatment plots, 
suggesting reduced retranslocation. Reduced retranslocation 
may signify that the trees are nearly N satisfied.
Despite low forest floor pH (Table 4.4), increases in 
net nitrification could occur once the ecosystem becomes N 
saturated (McNulty et al., 1990). Even with change in 
biological demand or an increase in pH, soils can show long­
term delays in the initiation of nitrification (Vitousek et 
al., 1982), perhaps due to the absence of a community of 
nitrifying bacteria (Vitousek and Matson, 1985).
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CONCLUSION
During the first two years of fertilization on Mt. 
Ascutney, the initial stages of N saturation may have 
started. No correlations were found between the form of 
nitrogen added and ecosystem N cycling. Forest floor 
mineralization was elevated during the first year of 
fertilization on all plots, with the largest fertilizer 
additions producing the most mineralized N. On high 
fertilizer input plots, mineralization rates remained 
constant or decreased during the second year while low N 
addition plots increased mineralization rates, suggesting a 
possible C limitation in high N addition plots.
Low input levels of N have impacted all plots, through 
changes in net N mineralization, foliar nutrient 
concentrations and changes in litterfall mass and nitrogen 
composition, these changes demonstrate the sensitivity of 
these ecosystems to even minor perturbations. However, long 
term N applications need to continue to see if serious 
ecosystem disruption will occur.
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Table 4.1. Design of N additions experiment on Mt. Ascutney, 
VT: All N is added in three equal doses during 
June, July and August of each year.
monthly amendment total yearly amendment (N)
kg/ha/application kg/ha/yr
D l O t NH4C1-N NaN03-N TOTAL N
1, 6 0 0 0
4, 10 5.2 0 15.7
2, 8 0 6.6 19.8
5, 9 5.2 3 . 3 25.6
3, 7 10.5 0 31.4
Table 4.2. Mt. Ascutney red spruce foliar N chemistry averaged tnnually and by month. 
NITROGEN
YEARLY_________________ INITIAL  SEASONAL
treatment 1988 1989 1990 MAY 1988 JUNE 1990 JULY 1990 AUG. 1990
plot kq ha-1vr-1 n X X X n X X X X
1 0 18 0.92 (0.03) 0.97 (0.03) 0.88 (0.03) 6 0.87 (0.14) 0.80 (0.03) 0.88 (0.05) 0.95 (0.04)
6 0 18 0.84 (0.02) 0.87 (0.03) 0.79 (0.04) 6 0.85 (0.06) 0.72 (0.05) 0.77 (0.04) 0.89 (0.04)
4 15.7 18 0.92 (0.02) 1.08 (0.01) 1.06 (0.02) 6 0.87 (0.02) 0.96 (0.03) 1.06 (0.03) 1.16 (0.03)
10 15.7 18 0.89 (0.02) 1.04 (0.02) 1.08 (0.02) 6 0.86 (0.06) 1.02 (0.03) 1.08 (0.04) 1.12 (0.04)
2 19.8 18 0.90 (0.03) 1.09 (0.02) 1.11 (0.03) 6 0.92 (0.06) 0.99 (0.03) 1.10 (0.07) 1.23 (0.04)
8 19.8 18 0.89 (0.01) 1.08 (0.03) 1.01 (0.02) 6 0.83 (0.18) 0.91 (0.03) 1.01 (0.02) 1.12 (0.03)
5 25.6 18 0.91 (0.04) 1.18 (0.03) 1.18 (0.03) 6 0.90 (0.02) 1.12 (0.03) 1.18 (0.04) 1.25 (0.02)
9 25.6 18 1.00 (0.02) 1.14 (0.03) 1.18 (0.03) 6 0.93 (0.08) 1.09 (0.03) 1.23 (0.02) 1.22 (0.04)
3 31.4 18 0.95 (0.01) 1.11 (0.02) 1.10 (0.03) 6 0.90 (0.07) 1.06 (0.03) 1.09 (0.05) 1.16 (0.02)
7 31.4 18 0.86 (0.01) 1.06 (0.01) 1.12 (0.02) 6 0.84 (0.05) 1.05 (0.02) 1.15 (0.02) 1.16 (0.04)
ave. 0.91 (0.01) 1.06 (0.01) 1.05 (0.02) 0.88 (0.02) 0.97 (0.02) 1.06 (0.02) 1.13 (0.02)
(SE)
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Table 4.3. Mt. Ascutney initial forest floor parameters.
POTENTIAL ROCK ACTUAL
treatment MASS . FRACTION MASS DEPTH
Dlot kq ha-1vr-1 (kqha ) F.F. (kqha) (cm)
1 0 91300 (13400) 81 73900(10800) 7.6(0.6)
6 0 84900 (14200) 73 62000(10400) 7.9(1.4)
4 15.7 92900 (7900) 77 71500(6100) 7.2(0.6)
10 15.7 131500 (25100) 82 107800(20600) 10.1(1.0)
2 19.8 80000 (14600) 81 64800(11800) 6.5(0.9)
B 19.8 103000 (13600) 86 88600(11700) 7.6(0.7)
5 25.6 128100 (24700) 70 89700(17300) 8.5(1.2)
9 25.6 147700 (32400) 78 115200(25300) 9.3(1.7)
3 31.4 104400 (8300) 80 83500(6600) 8.5(1.1)
7 31.4 142600 (34800) 76 108400(26400) 7.9(1.3)
ave. 109800 (6500) 78(5) 85600(5100) 8.1(1.1)
(SE)
N C It C
(X)___________ {XI________(kqha') (kqha'b C:M pH
1.00 (0.17) 29.6 (6.1) 739(126) 21900(4500) 29.6 2.6
1.43 (0.11) 41.8 (2.9) 886(68) 25900(1800) 29.2 2.8
1.48 (0.12) 42.5 (3.9) 1059(86) 30400(2800) 28.7 2.7
1.46 (0.07) 43.3 (2.3) 1574(75) 46700(2500) 29.7 2.7
1.35 (0.27) 38.0 (7.9) 875(175) 24600(5200) 28.2 2.7
1.53 (0.02) 46.6 (0.9) 1355(18) 41300(800) 30.5 2.7
1.15 (0.12) 33.3 (4.9) 1031(108) 29900(4400) 29.0 2.7
1.55 (0.10) 46.0 (0.8) 1786(115) 53000(900) 30.0 2.7
1.36 (0.09) 39.1 (3.9) 1136(75) 32700(3300) 28.8 2.8
1.24 (0.02) 38.7 (2.8) 1344(22) 41900(3000) 31.2 2.7
1.35 (0.04) 39.8 (1.3) 1178(34) 34800(3500) 29.4 2.7
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Table 4.4. Mt. Ascutney mineralization and nitrification rates for 10 fertilization plots (1988-1990)
treatment 
Dlot kq ha v r "
M a y T O T






mgkg" m q X q 'V r'1
" T O C T T
kgha Kqha
f ^ T y s r ' 1VH8-8V 1V8V-WJ
1 0 0.08 0.21 0.24 6.2 15.7 17.7 0.00 0.00 0.00 0.08 0.00 0.00
6 0 0.11 0.19 0.22 7.0 11.6 13.6 0.00 0.00 0.00 0.00 0.07 0.00
4 15.7 0.07 0.25 0.61 4.8 17.9 43.6 0.00 0.00 0.00 0.02 0.00 0.00
10 15.7 0.11 0.49 0.49 12.1 52.8 52.8 0.00 0.05 0.00 0.00 5.01 0.00
2 19.8 0.07 0.37 0.61 4.6 24.1 39.5 0.00 0.00 0.00 0.00 0.15 0.00
8 19.8 0.11 0.50 0.78 9.9 44.3 69.1 0.00 0.02 0.01 0.00 1.43 0.88
5 25.6 0.11 0.56 0.88 10.0 50.4 78.9 0.00 0.01 0.03 0.39 0.56 2.69
9 25.6 0.03 0.49 0.38 3.5 56.2 43.8 0.00 0.02 0.02 0.00 2.15 2.30
3 31.4 0.07 0.59 0.53 6.1 49.5 44.3 0.00 0.00 0.02 0.00 0.00 1.67
7 31.4 0.05 0.38 0.74 5.8 41.2 80.2 0.00 0.01 0.00 0.00 1.35 0.00
ave. 0.08 0.40 0.55 7.0 36.4 48.4 0.00 0.01 0.01 0.00 1.07 0.76
(SE) (0.01) (0.05) (0.07) (0.9) (5.4) (7.2) (0.00) (0.01) (0.00) (0.04) (0.53) (0.36)
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Table 4.5. Mt. Ascutney red spruce foliar lignin chemistry. Averaged annually and seasonally.
LIGNIN
______________YEARLY_______________ INITIAL _______ SEASONAL
treatment 1988 1989 1990 KAY 1988 JUNE 1990 JULY 1990 AUG. 1990
plot leg ha-1vr-1 n__________X___________ X____________X____________n_______X_____________ X____________X___________ X
1 0 18 19.7 (0.4) 22.9 (0.8) 20.9 (0.5) 6 17..1 (0..1) 17.5 (0.6) 21.7 (0.7) 23.4 (0.8)
6 0 18 20.7 (0..7) 23.6 (0.6) 22. 2 (1.0) 6 17. 1 (0..9) 19.2 (1.2) 22.8 (1.0) 24.5 (1.0)
4 15.7 18 20.8 (0.5) 21.8 (0.4) 21..2 (0.4) 6 18.,1 (0..8) 18.4 (0.4) 22.2 (0.5) 23.0 (0.8)
10 15.7 18 19.6 (1..0) 21.3 (0.7) 21.,1 (0.6) 6 16.5 (1..5) 18.1 (0.8) 22.4 (0.6) 23.0 (0.6)
2 19.8 18 20.4 (0..9) 22.3 (1.0) 21..2 (0.8) 6 18..4 (1..4) 17.7 (0.6) 22.9 (0.8) 23.0 (1.0)
8 19.8 18 21.2 (0..9) 22.8 (0.5) 22..1 (0.7) 6 17..0 (0..3) 19.9 (1.4) 23.2 (0.7) 23.3 (0.5)
5 25.6 18 20.1 (0..7) 21.9 (0.9) 20..8 (0.7) 6 16..0 (1..3) 18.3 (0.8) 22.2 (0.9) 22.0 (0.6)
9 25.6 18 19.7 (0..5) 20.9 (0.5) 20..1 (0.6) 6 15..9 (0 .2) 17.4 (0.7) 21.4 (0.4) 21.5 (0.6)
3 31.4 18 19.8 (0,.7) 21.9 (0.8) 20 .8 (0.7) 6 16..0 <0.1) 18.9 (0.8) 21.4 (0.7) 22.1 (0.7)
7 31.4 18 20.8 (0,.7) 22.8 (0.6) 22 .6 (0.9) 6 16..3 (1 .7) 20.9 (1.2) 23.6 (0.9) 23.1 (0.7)





Table 4.6. Correlations between N added and changes in foliar, litterfall and forest floor chemistry








litter deciduous foliar mass (kg/ha/yr) 0.22 0.67 0.19 0.21
litter coniferous foliar mass (kg/ha/yr) 0.14 0.84 0.45 0.02
total litterfall mass (kg/ha/yr) 0.20 0.68 0.61 0.004
litterfall deciduous N concentration (X) 0.82 0.001 0.90 0.0000
litterfall coniferous N concentration (X) 0.54 0.09 0.84 0.0001
total litterfall N concentration (X) 0.68 0.02 0.73 0.0006
litterfall deciduous lignimN concentration (X) -0.82 0.002 0.75 0.0004
litterfall coniferous lignin:N concentration (X) -0.77 0.005 0.53 0.009
total litterfall lignin:N concentration (X) -0.81 0.002 0.50 0.01
mineralization (kg/ha/yr) 0.75 0.006 0.59 0.005
mineralization (mg/kg/yr) 0.79 0.003 0.48 0.015
foliar spruce N concentration (X) 0.33 0.39 0.82 0.001 0.78 0.0003
foliar spruce lignin concentration (X) 0.00 1.00 -0.51 0.12 0.01 0.89
foliar spruce lignin:N ratio -0.24 0.60 -0.79 0.003 0.49 0.01
forest floor N concentration (X) -0.03 0.77
forest floor C concentration (X) 0.22 0.70
forest floor N (kg/ha) 0.52 0.11
forest floor C (kg/ha) 0.51 0.12
forest floor C:N 0.25 0.82
Table 4.7. Correlation matrix for Mt. Ascutney variables measured in 1989-1990.
LITTERFALL (X) FOLIAR SPRUCE (X)_______ _______
N ADDED N LIGNIN LIGNIN:N N________LIGNIN LIGN1N:N MINERAL
1.00
LIT. N 0.85 1.00
LIT. LIGNIN 0.27 -0.05 1.00
LIT. LIGN1N:N -0.71 -0.94 0.36
FOLIAR N 0.88 0.80 0.26
FOLIAR LIGNIN -0.12 -0.18 0.09
FOLIAR LIGNIN:N -0.70 -0.71 0.07
MINERALIZATION 0.77 0.52 0.37
ACTUAL HASS 0.58 0.56 0.13
FOREST FLOOR C:N 0.16 0.03 -0.06
FOREST FLOOR C(X) 0.21 0.31 0.51




0.68 -0.90 0.66 1.00
-0.44 0.71 0.20 -0.50
-0.45 0.61 -0.17 -0.54
-0.16 -0.03 0.54 0.11
-0.11 0.13 0.14 0.10
-0.08 0.14 0.02 0.08
_________ FOREST FLOOR____________
















Table 4.8. Mt. Ascutney litter fall, collected between October 1988 ard October 1989.
t reatment  MASS f  kg h a ' l r )  N ( k gha~ »r ~ )  LIGNIN ( k g h a ' V r )
_£lot kg ha'frr CONI DECIO TOTAL COMI DECID TOTAL CON I 0EC10 TOTAL LIGN:N XN
1 0 1710 150
6 0 1670 90
4 15.7 1660 90
10 15.7 2480 370
2 19.8 1350 700
8 19.8 1720 290
5 25.6 1740 60
9 25.6 2650 340
3 31.4 2150 340
7 31.4 1380 130
ave. 1850 260
SE. (145) (70)
1860 15.4 1.8 17.4
1760 15.1 1.1 16.2
1750 17.4 1.4 18.8
2850 22.2 6.1 28.3
2050 14.5 10.1 24.6
2010 18.1 4.2 22.3
1800 20.0 1.1 21.1
2990 23.8 6.2 30.0
2490 22.3 5.7 28.0
1510 14.0 2.1 16.1
2110 18.3 4.0 22.3
(170) (1.2 ) (1.0 ) (1.7)
354 22 376 21.6 0.94
326 15 341 21.0 0.92
311 14 325 17.3 1.07
447 53 500 17.5 0.99
267 107 374 15.2 1.20
346 47 393 17.6 1.11
336 11 347 16.4 1.17
480 60 540 18.0 1.00
412 52 464 16.6 1.12
259 19 278 17.3 1.06
354 40 394 17.9 1.06
(24) (1 0) (28) (0.7) (0 .0 )
Mt. Ascutney litter fall, collected between October 1989 and October 1990 
treatment MASS (kg ha'Vr'^ N (kqha W l  LIGNIN (kg ha'l.-'T 
£iot kg haVr CONI DECIO TOTAL CONI DECID TOTAL CONI DECIO TOTAL LIGN:N XN 
1 0 1350 140 1490 12.5 2.0 14.5 25? 25 277 10 i r1 252 25 277 19.1 0.97
6 0 1370 140 1510 12.2 2.0 14.2 309 24 333 23.4 0.94
4 15.7 1660 200 1860 17.3 3.3 20.6 365 36 401 19.5 1.11
10 15.7 2310 290 2600 26.0 4.6 30.6 487 51 538 17.6 1.18
2 19.8 1310 610 1920 15.4 10.1 25.5 291 103 394 15.4 1.33
8 19.8 1580 260 1840 18.6 4.3 22.9 351 44 395 17.2 1.24
5 25.6 2130 110 2240 23.4 1.8 25.2 483 20 503 20.0 1.13
9 25.6 2070 550 2620 23.8 9.7 33.5 472 99 571 17.0 1.28
3 31.4 2050 390 2440 24.4 6.8 31.2 427 71 498 16.0 1.28
7 31.4 2090 260 2350 26.3 4.5 30.8 443 45 488 15.8 1.31
ave. 1790 300 2090 20.0 4.9 24.9 388 52 440 18.1 1.19
SE. (130) (60) (140) (1.8 ) (1.2 ) (2.3) (29) (1 0) (31) (0 .8 ) (0 .0 )
00
U3
Table 4.9 Mt. Ascutney red spruce foliar lignin:N ratios. Averaged annually and seasonally.
L!GNIN:N
ALL NEEDLE AGE CLASSES
treatment  YEARLY LI GN1N:N___________ INITIAL LIG:H SEASONAL VARIATION LI GUI M: M RATIO
plot kg ha-1yr-1 n_______1988__________ 1989_________1990 n MAY 1988 JUNE 1990 JULY 1990 AUG. 1990
1 0 18 2 1 5  <1-0> 2 3 8  (1.3) 24.1 (1.3) 6 19.8 (2.5) 22.1 (0.1) 25.1 (2.0) 24.9 (1.9)
6 0  18 2 4 -6 d.3) 27.4 (1.3) 28.3 (1.9) 6 20.0 (0.8) 27.2 (3.1) 29.8 (1.6) 28.0 (2.4)
4 1 5 -7 18 2 2 -7 (1-1) 20.2 (0.3) 20.0 (0.5) 6 20.8 (2.0) 19.1 (0.9) 20.9 (0.9) 20.0 (0.8)
10 1 5 -7 18 22-3 (1.6) 20.5 (0.8) 19.7 (0.4) 6 19.4 (1.9) 16.0 (1.3) 20.8 (1.2) 20.5 (0.8)
2 1 9 -8 18 2 2 6  <0.7> 20.5 (1.0) 19.3 (1.3) 6 19.9 (0.1) 17.9 (1.2) 21.1 (2.0) 18.9 (1.1)
8 1 9 -8 18 24-° (0.8) 21.2 (0.5) 21.9 (0.6) 6 21.2 (3.1) 19.9 (1.8) 22.9 (0.8) 20.9 (0.5)
5 2 5 -6 18 22-3 (1.4) 18.8 (1.3) 17.7 (1.0) 6 17.7 (0.0) 16.5 (1.3) 18.9 (1.5) 17.7 (0.7)
9 2 5 -6 18 1 9 -7 (0.5) 18.4 (0.4) 17.0 (0.5) 6 17.3 (2.3) 22.0 (0.4) 17.5 (0.5) 17 7 (0 7)
3 3 1 -4 I8 20.8 (0.9) 19.7 (1.0) 18.9 (0.7) 6 17.8 (3.3) 17.8 (0.8) 19.8 (1.2) 19.1 (0.6)
7 3 1 -4 18 2 4 -2 (1-2) 21.5 (0.8) 20.2 (1.1) 6 19.4 (0.6) 19.9 (1.4) 20.5 (1.1) 20.1 (1.2)





L o c a t i o n  of  10 Mt .  A s c u t n e y  R e s e a r c h  P l o t s .
APPENDIX A
ASCUTNEY DATA
Table A.I. 1988-1989 N mineraliiation measured on each of the Mt. Ascutney research plots.
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10 -0.1 -0.00 13.0 0.12 7.0 0.07 16.5 0.15 3.1 0.03 13.2
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Table A.3. Mt. Ascutney red spruce foliar N concentrations (X). Values represent the mean of three seperate trees from each site in
which at I needle age classes were combined.
iwfiEflsytter- **
SITE 6/88 7/88 8/88 6/89 7/89 8/89 6/90 7/90 8/90 6/88 7/88 8/88 6/89 7/89 8/89 6/90 7/90 8/90
1 1.02 0.89 0.96 1.01 1.14 1.01 0.85 0.90 0.98 0.99 0.83 0.84 0.77 1.04 0.96 0.74 0.86 0.90
2 0.92 0.75 0.90 1.23 1.20 1.23 1.04 1.20 1.21 1.07 0.86 0.93 0.83 1.17 1.23 0.95 1.01 1.24
3 1.02 0.88 0.96 1.13 1.16 1.13 1.04 1.09 1.16 1.05 0.89 0.92 0.94 1.29 1.22 1.08 1.09 1.16
4 0.99 0.87 0.98 1.12 1.15 1.12 0.96 1.02 1.20 1.00 0.78 0.91 0.92 1.20 1.20 0.97 1.11 1.20
5 0.93 0.88 0.90 1.24 1.21 1.24 1.09 1.19 1.24 1.02 0.82 0.91 1.04 1.31 1.26 1.15 1.18 1.24
6 0.92 0.76 0.82 0.95 0.92 0.95 0.66 0.77 0.91 0.96 0.80 0.81 0.75 0.95 0.98 0.78 0.76 0.91
7 0.90 0.76 0.91 1.11 1.12 1.11 1.02 1.13 1.23 0.95 0.76 0.88 0.89 1.16 1.17 1.09 1.18 1.23
8 0.95 0.85 0.93 1.09 1.11 1.09 0.92 1.02 1.12 0.93 0.75 0.90 0.92 1.23 1.23 0.90 1.00 1.12
9 1.12 0.93 1.07 1.13 1.14 1.13 1.07 1.20 1.28 1.07 0.80 1.02 1.00 1.28 1.28 1.10 1.26 1.28
10 0.92 0.79 0.97 1.10 1.08 1.10 1.03 1.05 1.21 0.89 0.84 0.91 0.84 1.22 1.22 1.01 1.11 1.21
Table A.4. Mt. Ascutney red spruce foliar lignin concentrations (X). Values represent the mean of three separate trees from each site
in which alt needle age classes were combined.
UHEEBSTMV    ""W E B S T B iT
SITE 6/88 7/88 8/88 6/89 7/89 8/89 6/90 7/90 8/90 6/88 7/88 8/88 6/89 7/89 8/89 6/90 7/90 9/90
1 16.9 20.2 21.5 21.4 23.6 24.5 18.6 22.4 22.6 18.8 19.1 22.0 19.3 24.6 23.9 16.5 21.0 24.3
2 16.9 19.8 20.8 19.1 22.0 20.7 16.6 22.0 21.5 18.6 21.3 24.6 21.2 25.7 25.2 18.7 23.8 24.6
3 17.3 20.1 20.1 20.7 22.8 21.4 18.3 20.7 21.4 18.6 19.4 23.1 19.9 23.5 23.1 19.4 22.2 22.9
A 19.4 20.4 21.5 18.9 22.7 21.8 18.4 22.3 22.0 18.4 21.5 23.6 20.4 23.9 23.3 18.4 22.1 24.1
5 20.7 20.1 21.7 21.4 24.2 22.5 19.5 22.5 21.7 18.0 19.2 20.8 18.2 22.8 22.1 17.2 21.8 22.4
6 19.0 22.2 24.9 23.1 26.6 24.2 21.4 24.0 25.5 17.8 19.8 20.5 18.7 23.4 25.3 17.0 21.6 23.5
7 19.2 22.0 22.5 21.6 24.0 24.6 22.1 24.5 23.9 18.3 20.6 22.2 19.3 23.4 24.2 19.8 22.8 22.3
8 19.0 22.5 25.3 21.7 23.0 24.1 22.2 23.8 22.6 18.2 22.5 22.3 19.8 23.7 23.3 17.7 22.7 23.9
9 17.4 20.2 22.6 20.4 20.7 22.0 17.5 21.6 21.5 16.8 19.2 21.8 19.2 21.5 22.0 17.2 21.3 21.6
10 17.2 17.7 19.6 19.3 21.4 21.3 17.6 22.1 22.5 19.5 20.8 22.7 19.3 23.1 23.2 18.5 22.6 23.4
Mt. Ascutney red spruce foliar cellulose concentrations (X). Values represent the mean of three seperate trees from each site in 
which all needle age classes were combined.
U HB EB ST M V  1,11- - - - - - - - - -   " , 'B " H M B S T W T
SITE 6/88 7/88 8/88 6/89 7/89 8/89 6/90 7/90 8/90 6/88 7/88 8/88 6/89 7/89 8/89 6/90 7/90 ?/90
1 40.1 39.4 37.1 37.4 38.1 36.7 38.6 37.0 37.9 37.7 37.9 36.3 35.7 36.0 35.5 37.4 37.0 36.2
2 41.4 41.2 39.1 38.8 39.1 40.8 40.2 39.0 40.8 39.5 37.7 36.8 35.9 36.2 37.2 37.8 36.7 37.4
3 38.9 38.4 38.0 36.9 37.1 37.7 38.8 36.7 39.0 38.0 37.1 35.4 35.0 35.7 34.2 37.1 36.7 35.7
4 37.4 37.1 36.7 37.7 36.6 37.1 38.8 37.5 38.6 37.6 36.7 35.8 34.5 36.9 35.3 36.8 36.1 35.0
5 38.0 37.9 37.7 38.1 37.3 38.5 37.4 37.1 37.8 36.7 37.3 36.2 35.7 35.3 33.8 36.2 35.5 33.8
6 38.2 37.3 35.0 35.2 37.1 35.7 37.2 36.8 35.4 38.4 37.5 36.0 35.1 34.1 35.7 37.2 35.2 33.7
7 37.7 35.7 36.1 36.4 36.8 35.7 35.8 36.0 35.5 36.5 36.8 34.6 35.0 35.3 34.8 35.9 35.7 34.2
8 40.6 39.8 38.1 38.5 39.5 39.5 38.2 39.1 39.2 37.5 37.1 35.6 34.5 36.5 34.8 36.9 35.2 36.3
9 41.0 37.7 38.6 37.5 38.3 38.5 39.2 37.4 38.4 38.0 36.4 36.0 34.6 35.4 35.0 36.1 35.6 34.3
10 39.4 38.0 39.0 37.7 40.8 37.9 38.9 37.1 37.6 38.5 37.4 37.1 35.9 38.8 37.5 37.7 37.9 36.9
VO
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A.5. Mt. Ascutney basal area, species composition and 
mortality by plot.
Initial conditions recorded in August of 1988 for living
trees
# trees ha'1 basal area m2ha'1
SITE SPRUCE FIR BIRCH MAPLE SPRUCE FIR BIRCH MAPLE
1 3111 133 889 133 32.7 1.3 2.1 0
2 3200 1644 1689 0 18.7 11.0 6.7 0
3 3156 178 667 44 32.5 0.6 2.8 0.2
4 2933 0 756 0 30.8 0 3 .1 0
5 3244 0 711 0 35.6 0 1.9 0
6 4222 667 533 0 29.6 6.0 1.7 0
7 5511 133 1333 0 31.7 1.1 3 . 3 0
8 3600 756 444 0 29.7 9.0 2.2 0
9 3244 400 667 89 30.4 5.0 3 . 5 0.6
10 4800 400 711 267 37 . 4 2.1 2 . 5 1.7
Initial conditions recorded in August of 1988 for dead
# trees ha'1___________  basal area m2 ha'1
SITE SPRUCE FIR BIRCH MAPLE SPRUCE FIR BIRCH MAP
1 133 0 533 0 0.3 0 1.1 0
2 311 311 578 0 0.9 1.2 1.1 0
3 267 0 178 0 0.6 0.7 0.7 0
4 267 44 400 0 0.4 0.5 1.0 0
5 222 0 311 0 0.4 0 0.4 0
6 178 178 0 0 0.4 1.6 0 0
7 222 0 267 0 0.4 0 0.3 0
8 489 311 89 0 1.4 0.8 0.7 0
9 178 89 222 0 0.4 1.0 0.3 0
10 756 133 178 0 1.5 1.6 0.4 0
A.6 Final condition recorded in October, 1990 for living 
trees.
# trees ha'1_____________ basal area m2 ha'1
SITE SPRUCE FIR BIRCH MAPLE SPRUCE FIR BIRCH MAPLE
1 2800 178 711 0 32 . 6 1.9 2.1 0
2 3333 1378 1822 0 21.0 10.6 7.4 0
3 3022 178 756 44 32.4 0.7 2.6 0.2
4 3244 0 667 0 34 . 7 0 2.9 0
5 2933 0 889 0 36.4 0 2.5 0
6 4267 533 444 0 30.7 4.4 1.8 0
7 5422 133 1289 0 33 . 3 1.1 3 . 4 0
8 3689 667 400 0 34.1 8.7 2 . 3 0
9 3200 356 578 44 29. 3 4.8 3.4 0.4
10 4711 533 756 178 36.6 3 . 3 3 . 3 1.7
Final condition recorded 
# trees ha"1
in October, 1990 
basal
for dead trees, 
area m2 ha"1
SITE SPRUCE FIR BIRCH MAPLE SPRUCE FIR BIRCH MAPLE
1 356 0 578 0 0.8 0 0.9 0
2 622 222 489 0 1.4 1.0 0.9 0
3 222 0 178 0 0.9 0 0.9 0
4 356 44 444 0 2 . 3 0.5 0.9 0
5 400 0 178 0 1.5 0 0.3 0
6 178 267 44 0 0.4 1.9 0.6 0
7 133 44 400 0 0.1 0.2 0.4 0
8 1111 178 133 0 4 .1 0.8 0.1 0
9 311 89 311 89 2 . 5 1.0 0.6 0.2
10 889 89 89 44 2 . 2 1.1 0.4 0.4
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A.7 Mt. Ascutney snow fall, Thru-fall and total amount of 
precipitation (cm yr-1) and total N (kg ha-lyr-1). Recorded 
May 10, 1989 - May 9, 1990. Each site contained four rain 
colletors which were replaced each week during rain periods. 
During snow periods, each site contained 2 snow collector 
which were collected approximately once every two weeks.
Five rain and snow collectors were placed in open areas.
SITE
H.O cm vr”1 N kaha '^ r 1
SNOW RAIN TOTAL SNOW RAIN TOTAL
1 78 33 111 3.0 1.2 4 . 2
2 55 32 87 1.4 0.8 2 . 2
3 37 38 75 0.7 2 . 0 2.7
4 56 28 84 1.1 1.2 2 . 3
5 58 27 85 2.0 1.4 3.4
6 71 36 107 2 . 5 1.0 3 . 5
7 81 28 109 2 . 3 1.4 3.7
8 65 33 98 1.2 1.9 3 . 1
9 93 34 127 2 . 2 1.3 3 . 5
10 58 27 85 1.3 1.5 2 . 8
open 74 37 111 1.0 0.7 1.7
APPENDIX B
REGIONAL GRADIENT DATA
Table B.l. Regional elemental analysis of all age class red spruce foliage.
__________________________________________PPM_________________
AREA n T P " — T " “ T T " T T " " T T " T r * " T T " " T T " id Mg Na Nl T " " T T " “ ■re-T T " ir — re-
1 6 35.8 23.A A.85 3070 0.17 0.70 1.65 A0.A A590 600 20.8 1.98 770 2.AA 1830 283 2.27 23.8
2 20 33.0 17.1 A.81 3380 0.11 0.76 2.6A 31.5 3270 1060 30.2 2.17 850 1.A9 1600 1A2 2.75 15.1
3 12 A6.8 17.3 8.30 3250 0.07 0.38 2.91 A1.2 3970 970 33.1 A.23 1010 2.72 1380 170 2.87 17.6
A 17 36.3 19.1 8.21 3570 0.09 0.50 2.2A 35.3 A560 1070 AA.O 3.07 980 3.63 1A00 178 A.7A 22.A
5 7 AA.3 13.8 8.82 2690 0.06 0.08 2.31 39.6 3520 800 23.2 2.35 1900 0.77 1090 153 3.71 17.0
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